Abstract 35
a drinking water source. Any attempt to reduce P in wastewaters is valuable because inputs of P to 114 rivers and lakes from point and diffuse sources continue to pose an environmental problem that is 115 gaining increased attention. While there are a number of ways and technologies to remove P from 116 wastewater, most involve the use of expensive chemicals and the generation of a secondary sludge. 117
On the other hand, engineered wetland systems are fast becoming a preferred wastewater treatment 118 system of choice for treating a diverse range of wastewaters due to their green appeal, low cost, 119 ease of construction and operation, low environmental footprint and good performance in terms of 120 organics removal. However, their performance in terms of nutrient removal (especially P) is often 121 inconsistent and poor. Therefore, the possibility of using a residual waste material such as Al-WTR 122 in an engineered wetland system to particularly enhance P removal from wastewaters before entry 123 into water bodies is quite an attractive and strategic initiative. from WTR using a model monofill. Manganese (Mn) was reported to have the highest leaching 146 capability, while the quantity of calcium (Ca) in the leachate was noted to increase appreciably with 147 time. However, none of the studies evaluated the leaching tendency of the sludges in real reuse 148
situations. 149
In this study, we seek to determine whether the constituents (particularly metals) of Al-WTR will 150 leach out when it is being reused as a media in engineered wetland systems, particularly to enhance 151 P removal. We also determined the levels of leached metals in the treated effluent. Four laboratory 152 scale engineered wetland systems using Al-WTR as main media for enhanced P removal were 153 constructed and set up to treat wastewater from an animal research farm. The levels of specific 154 elements/metals were monitored in the Al-WTR and in the influent and effluents of the four 155 systems over a 25 weeks period. This paper presents the data obtained during the study and 156 discusses the potential leaching and leachability of specific elements/metals from the Al-WTR 157 during such reuse. The leaching patterns were also examined and the inferences made would 158 provide real and useful information for further field application of the Al-WTR as a P removing 159 media for engineered wetlands. dried. Thereafter, the Al-WTR was ground to pass a 2-mm mesh sieve and then used as the main 175 substrate in four laboratory scale engineered wetland systems. The engineered wetlands were 176 simulated in the laboratory using Pyrex tubes which were 900 mm in height and 95 mm in diameter. 177 period and specifically analysed for metals. The first set of samples were taken immediately after 209 the commencement of operation (referred to as period 1), the second set was taken at about mid-210 way into the entire operational time (referred to as period 2), while the last set of samples were 211 taken at the end of the experiments (referred to as period 3). 212
Analytical procedures and methods 213 214
To obtain the total metals in the Al-WTR samples, an Anton Paar MULTIWAVE microwave 215 sample preparation system was used to digest the samples. The metals analysed were selected based 216 on their relative presence in the Al-WTR as observed in the initial analysis obtained from the plant9 operators. The use of microwave enhanced acid digestion of solid samples for elemental analysis is 218 now well established as a routine sample preparation method (Jin et al. 1999), and it is noted to be a 219 rapid and efficient method of sample decomposition prior to the determination of metals (Robache 220 et al. 2000) . The low volume microwave digestion allows the determination of analytes in small 221 samples (< 0.1g), thereby avoiding reduction in method sensitivity (Sandroni et al. 2003) . 222
Approximately 0.025 g of the Al-WTR samples (fresh and used) was weighed into clean TMF 223 (trifluoromethylene) vessels followed by the addition of 4 ml HNO 3 + 200 µl HF + 4 ml H 2 O. A 224 built-in computer program was used to specify the decomposition program, control the 225 MULTIWAVE, and hold a library of sample data. When decomposition is complete, the sample is 226 transferred to a volumetric flask and the volume is made up to 15 ml. These were then sent out to a 227 certified laboratory for total metal analysis. Total and dissolved metal analysis on samples from the 228 feed tank (influent) and samples from the systems (effluent) was also done through the contracted 229 certified laboratory using ICP (IRIS) and ICP-MS for the total and dissolved metals respectively. 230
The method detection limits (MDL) are included in Table 1 Al-WTR was determined as a ratio of the mass of the constituent in the leachate at time t, to the 240 corresponding mass of the constituent present in the unused Al-WTR using Eq. (1). This gives a 241 sort of indication as to the relative potential for leaching (leachability) for the respective 242 constituents in the Al-WTR. 243
(1 depends on a variety of factors. Thus, the release or otherwise of any metal will be specific to the 284 metal and several complex and interacting processes. 285
By comparing the results of analyses of fresh and used Al-WTR from systems 1, 2, 3 and 4 as 286 shown in Fig. 2 , it can be seen that there was consistency in the elements/metals that showed 287 increase or decrease in concentration. However, the magnitudes of the increase or decrease in 288 concentration were not the same and do not reflect the differences in the proportion of Al-WTR in 289 the systems. For instance, system 1 had the highest proportion of Al-WTR (100%), but the increase 290 or decrease in the concentration of the elements/metals was not always the highest. Similarly, 291 although system 4 had the least proportion of Al-WTR in its composition, it had the same 292 magnitude of decrease for Pb as the other systems, while the decrease in Fe was more in the system 293 than in system 2.
The pH levels of the influent and effluents of the four systems did not reveal any marked difference 295 and it ranged from 6.7-7.4 and 6.8 to 7.2 for the influent and effluent respectively. In addition, the 296 pH did not vary greatly across the four systems. It is therefore likely that other inherent conditions 297 that are specific to each of the systems might have influenced the increase or decrease in the 298 concentration of the elements/metals. From Fig. 2 , it can also be seen that across the systems, the 299 relative decrease in As concentration was the highest, followed by Mn and then Al. There was also 300 an indication of slight decrease in Pb concentrations. The release of Mn might suggest a reducing 301 environment. On the other hand, the increase in P was highest across the systems, followed by Ca, 302
Zn, Mg and Ti. The huge increase in P concentration in the used Al-WTR attests to the high P 303 adsorption capacity of the Al-WTR. In our previous studies, it was shown that Al-WTR has a 304 preferential adsorption for P (Yang et al. 2006 ) and the adsorption capacity of the Al-WTR can 305 range from 10.2 mg-P/g to 31.9 mg-P/g (determined using the Langmuir adsorption isotherm) 306 (Babatunde, 2007) . 307
In all the samples analysed, the percentage of increase in P was between 1-3 orders of magnitude 308 higher than the increases in Ca, Zn and Mg highlighting the capacity and preference of the Al-WTR 309 for P adsorption. The increases in Ca, Zn and Mg also show the adsorption ability of the Al-WTR 310 for other ions. Elliot et al. (1990) remarked in their study that freshly precipitated hydrous oxides 311 have a large capacity to occlude, coprecipitate, and sorb divalent metal ions from the surrounding 312 aqueous media, despite an unfavourable surface charge. Overall, these results indicate a 313 simultaneous uptake and release of substances from the Al-WTR matrix when used as a media in an 314 engineered wetland system. The uptake of certain elements from the wastewater is desirable and 315 beneficial, in particular P. However, the potential release of some metals from the Al-WTR is not 316 totally desirable, but caution is needed before any conclusion can be made and the release pathway 317 needs to be established. 318
Monitoring of levels of elements/metals from the leachate of the Al-WTR-based 320
engineered wetland systems. 321 322 Table 1 shows the levels of total and dissolved metals in the influent and effluent of the four 323 systems across the three periods. Any increase in the level of the metals in the effluents may suggest 324 the leaching of the metal from the Al-WTR into the effluent, while decrease in the level of any 325 metal can equally suggest uptake of the metal by the Al-WTR. In most cases, the levels of dissolved 326 metal concentration were compared with prescribed limits. This is because metal levels associated 327 with solids can be removed/reduced by including an in-line filtration unit in the system design. 328 Therefore, by checking the level of dissolved metals against the prescribed limits, recommendations 329 can be made as to whether further treatment unit will be required. From Table 1 , it can be observed 330 that the level of Al (both total and dissolved) in the effluents was always higher than that in the 331 influent (feed) in all the cases except on one occasion. This indicates that there was some release of 332 The level of total Fe in the influent was in most cases, higher than the level in the effluent, but the 360 inverse was mostly the case for dissolved Fe. It can be suggested that most of the Fe is held in the 361 solid phase in the influent and possibly filtered out onto the Al-WTR. Hence the level in the effluent 362 is mostly lower than the level in the influent. The higher level of dissolved Fe in the effluent than in 363 the influent may however suggest some release/dissolution of Fe held in the solid phase in the 364 influent into the effluent. It should however be noted that at all times, the concentration of Fe in the 365 effluent were very well below the prescribed limits of 1.0 mg/l for discharge into all waters (EPA 366
1997; UK Technical Advisory Group 2008). 367
The concentration of dissolved Pb in the effluent ranged from <1 μg/l to 5 μg/l and this is clearly 368 below the prescribed limit of 50 μg/l for discharge into freshwaters (EPA 1997; UK Technical 369 Advisory Group 2008). Mg levels were decreased in the effluents but increased in the used Al-WTR 370 samples. This has potential benefits as the increase in the Mg level of the Al-WTR can increase itsmicronutrient value. To some extent, Mn may have leached from the Al-WTR into the effluent 372 samples. This is however a bit difficult to ascertain, since the influent also contain some level of Mn 373 which was higher than the level in the effluent in some instances. There were also decreases in the 374 level of Zn (both total and dissolved) and this can be explained by the ability of the Al-WTR to 375 further adsorb Zn from the aqueous solution, based on the increase in Zn concentration in the Al-376 WTR as shown in Fig. 2.  377   378 3.3. Leaching Potential (L.P) 379 380
The L.P covering ten elements/metal for the systems over the three periods is shown in Table 2 . In 381 calculating the L.P, only values of dissolved concentration were used, thus excluding 382 metals/constituent associated with the solid phase. Analysing across the periods, it can be seen that 383
Mn has the highest L.P during the first period, while Zn had the highest L.P in the second 384 (excluding system 3) and third period (excluding system 4). Using system 1 as a typical case, the 385 pattern of L.P in decreasing order was Mn > Ti > Al > Fe in the first period, Zn > As > Al in the 386 second period and Zn > As > Pb > Fe > Al in the third period (note that only constituents that 387 appear to be leached during each period of assessment were ranked. Constituents are deemed 388 leached if the level of the respective metal is higher in the effluent than in the influent). It can be 389 observed that relatively, Al had the lowest L.P (for the elements that leached). 390
391

[INSERT TABLE 2 HERE] 392 393
It can also be seen that the leaching of As was observed over time, while the intensity of leaching of 394
Mn decreased over time. Similar, but slightly different patterns were also observed for the other 395 systems. For instance, the pattern for system 2 was Mn > Ti > Fe > Al in the first period, Zn > As > 396
Pb > Al in the second period, and Zn > As > Pb > Fe > Al in the third period. In this case, it can 397 also be observed that Al had the lowest L.P across all the periods while there was an increase in theleaching intensity of As observed over time. The intensity of leaching of Mn similarly decreased 399 over time. The slight differences in the L.P. for the different metals in the systems may be due to 400 differences in the prevailing conditions in the systems. However, it is very useful to note that, 401 was no leaching observed and level of the metal in the influent was higher than in the effluent. 1, 2, 3 and 4 refers to the systems.
